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ABSTRACT In addition to tRNA and 5S RNA, Escherichia
coli contains several other small, stable RNA species; these are
M1, 10Sa, 6S, and 4.5S RNA. Although these RNAs are
initially synthesized as precursor molecules, relatively little is
known about their maturation. The data presented here show
that 3* exoribonucleolytic trimming is required for the final
maturation of each of these molecules. As found previously
with tRNA, but not 5S RNA, any one of a number of exori-
bonucleases can carry out the trimming reaction in vivo,
although RNases T and PH are most effective. In their
absence, large amounts of immature molecules accumulate for
most of the RNAs, and these can be converted to the mature
forms in vitro by the purified RNases. A model is proposed that
identifies a structural feature present in all the small, stable
RNAs of E. coli, and describes how this structure together with
the RNases inf luences the common mechanism for 3* matu-
ration.

RNA molecules generally are synthesized as longer precursors
that must undergo a series of processing reactions to remove
extra residues and generate the mature, functional forms (1).
While information about these RNA processing reactions and
the RNases that catalyze them is accumulating, there still are
major gaps in our knowledge of these pathways, particularly
with regard to the less abundant classes of RNA.

In Escherichia coli, in addition to tRNA and 5S RNA, four
other small, stable RNA species are known. These include M1
RNA (377 nucleotides), the catalytic subunit of RNase P (2);
10Sa or tmRNA (363 nucleotides), which is involved in tagging
prematurely terminated polypeptides for ultimate degradation
(3); 4.5S RNA (114 nucleotides), a component of the prokary-
otic signal recognition particle needed for protein secretion
(reviewed in ref. 4); and 6S RNA (181–184 nucleotides), part
of an 11S ribonucleoprotein complex of unknown function (5,
6). Each of these RNAs is initially synthesized with additional
residues at its 59 and 39 ends that are removed during the
course of maturation. The endoribonucleases, RNase P,
RNase III, and RNase E, are thought to be involved in
generating the mature 59 termini of some of these molecules,
or in some instances, in removing portions of the 39 trailer
sequence (7–10). However, no information is available on how
the mature 39 termini are made.

In previous studies, we showed that the 39 termini of tRNA
and 5S RNA are generated by exoribonucleolytic trimming
reactions (11–14). In the case of tRNA, multiple exoribonucle-
ases can participate in the 39 maturation process, with RNase
PH and RNase T providing most of the processing activity
(11–13, 15). In contrast, 39 maturation of 5S RNA is completely
dependent on RNase T (14). In this paper we demonstrate that
exoribonucleolytic trimming reactions also are responsible for
generating the mature 39 termini of the other small, stable

RNAs, and we define which RNases participate in the process.
A general model for 39 maturation of stable RNAs is also
presented.

EXPERIMENTAL PROCEDURES

Bacterial Strains. E. coli K12 strain CA244 (lacZ, trp, relA,
spoT) (12) was considered wild type for these studies. Exori-
bonuclease-deficient derivatives of CA244 were described
previously (11–15). Strain CA244cca2 was constructed by
introducing an interruption mutation of the cca gene encoding
tRNA nucleotidyltransferase into strain CA244 by P1-
mediated transduction (16). The mutations in PNPase, RNase
D, RNase T, and RNase PH are interruption mutations and
are devoid of the relevant activity. The mutations in RNase II
and RNase BN have not been defined, but they lead to '98%
loss of the relevant activity. All the strains used in this study
are stable, though some multiple RNase-deficient cells grow
slowly. Previous work (17) showed that inactivation of one or
more RNases does not lead to overexpression of the remaining
enzymes.

Materials. [g-32P]ATP was purchased from DuPont-New
England Nuclear. Phage T4 polynucleotide kinase and Molo-
ney murine leukemia virus reverse transcriptase were from
GIBCOyBRL. RNasin was obtained from Promega. Seque-
nase 2.0 was a product of United States Biochemical. E. coli
RNase T and RNase PH were purified as described (13, 18).
Sequagel for DNA sequencing was purchased from National
Diagnostics. The oligonucleotides used for Northern blot and
primer extension analyses were prepared as follows: for M1
RNA, CTATGGAGCCCGGACTTTCCTC; 10Sa RNA,
TTACGAGGCCAACCGCCCCTCG; 6S RNA, CGGACG-
GACCGAGCATGCTCAC; and 4.5S RNA, GCTGCTTCCT-
TCCGGACCTGAC. All other chemicals were reagent grade.

RNA Preparation. Cells were grown in yeast-tryptone me-
dium to an A550 ' 1. Total cellular RNA was isolated by
phenol extraction as described (19). The RNA was used for the
experiments presented without further fractionation.

Northern Blot Analysis. Northern blot analysis was carried
out according to the procedure described previously (14, 15)
with slight modifications by using probes specific for the RNA
species examined. Samples were loaded on 4% (for M1, 10Sa,
or 6S RNAs) or 5% (for 4.5S RNA) polyacrylamide-urea (8.3
M) sequencing gels. Electrophoresis was carried out at 1,700
V until the xylene cyanol dye had migrated 60 cm (M1 or 10Sa
RNAs) or 30 cm (6S or 4.5S RNAs). Generally, prehybridiza-
tion, hybridization, and washing were carried out at 45°C.

Treatment with Purified RNases. Total RNA was treated
with purified RNase T or RNase PH as described (13, 14).
Samples were incubated at 37°C for the indicated length of
time. Three microliter samples were taken, diluted immedi-
ately into 7 ml of ice-cold gel loading buffer, and determined
by Northern blot analysis. Activities of RNases T and PH were
determined as described (13).
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Primer Extension Analysis. The protocol for primer exten-
sion was as described (14). The extension products were
separated by electrophoresis on a 6% sequencing gel, and were
detected by autoradiography.

RESULTS

To examine the role of exoribonucleases in the maturation of
small, stable RNAs, we constructed mutant strains lacking
various exoribonucleases, either alone or in combination, and
used them to determine the RNA products that accumulated
as a consequence of incomplete processing. Total RNA was
isolated from wild type and the exoribonuclease-deficient cells
and examined by Northern blot analysis using specific oligo-
nucleotide probes complementary to the RNA species under
study and by primer extension analysis to determine their 59
termini. RNA samples also were treated with purified exori-
bonucleases in vitro to verify that they can act on the accumu-
lated products to generate mature RNAs.

Maturation of M1 RNA. Because of its large size, M1 RNA
is difficult to analyze reproducibly at single nucleotide reso-
lution by using Northern blots. However, by including an
adjacent DNA sequencing ladder as a size marker, it was
possible to determine the number of extra residues present in
the M1 RNA products that accumulate in the mutant strains
(DNA ladders are not shown). As seen in Fig. 1, mature M1
RNA (377 nucleotides) from wild-type cells (lanes 1, 7, and 13)
is present as a single band, indicating efficient processing when
sufficient RNase activity is available. Mature M1 RNA is
likewise the only product in mutants lacking either RNase PH
(Fig. 1, lane 2), or missing RNases D, II, and BN in combi-
nation (Fig. 1, lane 5). In contrast, substantial amounts of
products up to three nucleotides longer than the mature form

accumulate in a mutant strain lacking RNase T (Fig. 1, lane 3).
Products larger than M1 RNA are not detected when RNase
T is present, even when as many as four other exoribonucleases
are absent (Fig. 1, lane 6). These data indicate that RNase T
is the most important of the exoribonucleases for the matu-
ration of M1 RNA.

Because mature M1 RNA continues to be made in RNase
T2 cells, other exoribonucleases must also be able to partici-
pate in this process. However, RNase PH, which is known to
be important for the 39 maturation of tRNA (11–13, 15), is not
very effective for M1 RNA processing. The absence of RNase
PH by itself has no effect on the maturation of M1 RNA (Fig.
1, lane 2), and a RNase PH2T2 double mutant (Fig. 1, lane 4)
is no more defective than the RNase T2 strain (Fig. 1, lane 3).
Moreover, in a mutant strain lacking RNases T, D, II, and BN
(PH1) (Fig. 1, lane 8), the majority of the products are
defective and are two to four nucleotides longer than the
mature form. The most dramatic defect is seen in cells missing
RNases T, PH, D, and BN (II1) (Fig. 1, lane 10). In this strain
the majority of M1 RNA is present as products up to five
nucleotides longer than mature RNA. Somewhat more mature
M1 RNA is made in the other quadruple mutants (Fig. 1, lanes
9 and 11). Products with up to six extra residues are found in
small amounts in a strain lacking RNases T, PH, II, and BN
(D1) (Fig. 1, lane 9), while in a RNase T2PH2D2II2(BN1)
cell (Fig. 1, lane 11), about half the product is of mature size
and the rest is just one nucleotide longer. These results suggest
that RNases D and BN are each more effective than either
RNase PH or II, but each exoribonuclease can generate some
mature M1 RNA. This redundancy of processing activities has
already been observed for the maturation of the 39 end of
tRNA molecules (12, 13, 15).

M1 RNA is known to be transcribed from two different start
sites (7). The upstream start site results in a transcript that
requires processing to generate the mature 59 end. Conse-
quently, it was necessary to determine whether the M1 prod-
ucts that accumulate in the RNase2 strains contain extra
residues at their 59 termini. To answer this question, we
examined the 59 end of M1 RNA from the most defective strain
(RNase T2PH2D2BN2) by using primer extension analysis
(Fig. 2). The extension products obtained with RNA from the
wild-type and the RNase-deficient strains are identical and
correspond to the mature 59 end of M1 RNA (Fig. 2, lanes
4–6). Inasmuch as the mutant strain accumulates a longer
form of M1 RNA, as shown by Northern blot analysis, it is
apparent that this longer species must contain extra residues at
its 39 terminus. Identical results were obtained with RNA
isolated from RNase T2 cells (data not shown).

The maturation of M1 RNA was also examined in vitro by
using purified exoribonucleases. RNA was treated with puri-
fied RNase T or RNase PH (at amounts equivalent to their
relative levels in cell extracts) and subjected to Northern blot
analysis (Fig. 3). The products of M1 RNA that accumulate in
RNase T2PH2D2BN2(II1) mutant cells are converted to
mature size very rapidly (within 3 min) after mixing with
RNase T (Fig. 3, lane 6), and the mature product remains
unaffected even after 10 min of incubation (Fig. 3, lane 7),
indicating that RNase T acts effectively and accurately in vitro.
Treatment with RNase PH also results in shortening of the M1
RNA products (Fig. 3, lanes 9 and 10); however, this enzyme
is much less efficient than RNase T. Nevertheless, increased
RNase PH and prolonged incubation (30 min) can convert M1
RNA completely to the mature form (lane 12). Mature M1
RNA from the wild-type cell remains unchanged by this
treatment. Thus, RNase PH can process M1 accurately. Be-
cause both RNase T and PH trim from the 39 terminus, the
extra residues removed must have been present at this end.
These in vitro data support the conclusion that RNase T is the
most important exoribonuclease for 39 maturation of M1
RNA.

FIG. 1. Northern blot analysis of small, stable RNAs accumulated
in exoribonuclease-deficient cells. Electrophoresis and Northern blot
analysis were carried out as described in Experimental Procedures. Five
micrograms of total RNA from each of the indicated strains was used
except for the CCA2 strain in which less RNA was loaded. After
electrophoresis, the bottom 10 cm of the gel, containing the RNA of
interest, was transferred to a membrane and hybridized with a probe
specific for the RNA. The lengths of RNA were determined by an
adjacent DNA sequencing ladder. The identities of the RNAs exam-
ined are shown on the left. M indicates the size(s) of the mature RNA.
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Maturation of 10Sa RNA. As pointed out earlier, 10Sa RNA
(363 nucleotides) is similar in size to M1 RNA. Accordingly,
the experimental conditions for its analysis were the same as
those for M1 RNA. Only mature 10Sa RNA is present in
wild-type cells (Fig. 1, lanes 1, 7, and 13). In a RNase T2 cell,
a small amount of a larger product can be seen (Fig. 1, lane 3).
However, larger products in increased amounts accumulate in
mutant strains lacking RNase T in combination with deficien-
cies in other RNases (Fig. 1, lanes 4, 8–10). When RNase T is
present, products larger than the mature form of 10Sa are not
observed indicating that RNase T is an important enzyme for
the processing of 10Sa RNA. Because removal of other RNases
results in accumulation of more and longer immature forms,
other exoribonucleases must contribute to the maturation of
10Sa RNA. The highest level of immature 10Sa RNA, con-
taining up to five extra residues, is found in a RNase
T2PH2D2BN2(II1) strain (Fig. 1, lane 10). The other qua-
druple mutants, RNase T2D2II2BN2(PH1) and RNase
T2PH2II2BN2(D1) (Fig. 1, lanes 8 and 9, respectively),
accumulate fewer, but longer, products (up to six extra resi-
dues); only a small amount of immature product is seen in a
RNase T2PH2D2II2(BN1) strain, suggesting that RNase BN
is relatively effective on 10Sa precursors.

Primer extension analysis of 10Sa RNA revealed only a
single band corresponding to the mature 59 end of the

molecule (Fig. 2, lanes 2 and 3). The size of the extension
products for the wild-type and RNase-deficient strain are the
same, despite the presence of longer products in the RNase
T2PH2D2BN2(II1) sample as seen by Northern blot anal-
ysis. This shows that the extra residues on 10Sa RNA are at
the 39 end.

Both purified RNase T and RNase PH can remove extra
residues from the immature 10Sa RNA products in vitro (Fig.
3). Extra residues are removed rapidly after mixing with
purified RNase T (Fig. 3, lane 6). With RNase PH treatment,
the longer products gradually shorten with time (Fig. 3, lanes
9 and 10). Additional RNase PH and extended incubation time
are required to convert all the products to mature size (Fig. 3,
lane 12). Interestingly, a product of 10Sa one nucleotide
shorter than the mature size is generated by RNase T treat-
ment upon incubating for 10 min (Fig. 3, lanes 2 and 7). A
similar pattern was observed when tRNA or 5S RNA were
treated with RNase T in vitro (13, 14). Removal of the 39 end
of tRNA also occurs in vivo by a process referred to as
end-turnover. Defective tRNAs generated by this process are
repaired by tRNA nucleotidyltransferase (16), and in a cca2

cell lacking tRNA nucleotidyltransferase defective tRNAs can
be detected because repair does not occur (16). Because 10Sa
RNA has a tRNA-like structure and function, it was possible
that the same end-turnover reaction might occur in vivo with
this molecule. However, the expected 10Sa RNA shorter than
mature size was not detected in a cca2 strain (Fig. 1, lane 12).
This result suggests that the end-turnover reaction does not
extend to 10Sa RNA, despite the fact that RNase T removes
one additional residue in vitro.

FIG. 2. Primer extension analysis of RNA from wild type and a
RNase PH2T2D2BN2 mutant cell. The analysis was carried out as
described in Experimental Procedures by using 20 mg of total RNA from
each strain and 2 pmol of 32P-labeled primers. The RNA analyzed is
shown at the top. The mature 59 end(s) is marked M, and the 59 end
of the nascent transcript are marked P. Unknown products are marked
by X. Phage M13 mp18 DNA was used to generate the ladder.

FIG. 3. Maturation of RNA in vitro by purified exoribonucleases.
Twenty micrograms of total RNA were treated as described in
Experimental Procedures with either RNase T (0.5 mg) or RNase PH
(0.15 mg) in 15 ml. Additional RNase PH (0.6 mg) was used in lanes 12
and 13 except for 6S RNA, where RNase T was used. The source of
the RNA sample, the enzyme used and the length of incubation are
indicated at the top. The RNA under study is indicated at the left.
After incubation, the RNA samples were subjected to Northern blot
analysis as in Fig. 1. M indicates the size of the mature RNAs.
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Maturation of 6S RNA. Mature 6S RNA (181–184 nucleo-
tides) displays length heterogeneity at both its 59 and 39 termini
(5). Consistent with this heterogeneity, Northern blot analysis
of RNA from wild-type cells revealed several closely spaced
bands differing from each other by a single nucleotide (Fig. 1,
lanes 1, 7, and 13). In addition, a minor band nine nucleotides
longer than the longest mature 6S RNA was also detected. This
product, which was reported previously, contains the complete
59 fragment of the primary transcript (20). The multiple forms
of 6S RNA made it more difficult to analyze the products that
accumulated in the mutants. Nevertheless, by careful compar-
isons of the length of each band, it was possible to identify
immature RNAs present in the mutant cells.

Thus, in mutant cells lacking either RNase T or PH,
products one to two residues longer than the longest mature 6S
RNA can be seen (Fig. 1, lanes 2 and 3). In the RNase T2PH2

double mutant, molecules up to three nucleotides longer
accumulate (Fig. 1, lane 4), and the shortest forms are absent.
Unfortunately, because of the overlapping lengths of the
products from mutant and wild-type cells, it was not possible
to determine whether any mature 6S RNA is made in RNase
T2PH2 mutant cells. In contrast, longer products are not seen
in a mutant strain lacking RNases D, II, and BN (Fig. 1, lane
5). These results indicate that RNase T and PH are most
important for the maturation of 6S RNA. In quadruple mutant
strains lacking four of the five exoribonucleases under study,
products of different lengths and intensities accumulate, support-
ing the notion that no single enzyme is sufficient for 6S RNA
maturation. For example, in the RNase T2D2II2BN2(PH1)
mutant strain a major product of the same size and with the
same 59 end (data not shown) as the longest mature 6S RNA
is made, but additional products up to six nucleotides longer
also can be seen (Fig. 1, lane 8). The other quadruple mutants
accumulate products that are primarily two nucleotides longer
than the RNA from wild-type cells (Fig. 1, lanes 6, 9–11).
These data suggest that RNase PH might be more active than
the other exoribonucleases in removing residues close to the 39
end of 6S RNA. Interestingly, the RNase PH2T2D2II2(BN1)
mutant strain also generates some minor products that are up
to three nucleotides shorter than the shortest mature 6S RNA
(Fig. 1, lane 11). The structure and source of these molecules
has not been examined.

The longer product containing nine additional nucleotides
at the 59 end of 6S RNA was detected in all the mutant cells
(Fig. 1). Moreover, in cells in which immature 6S RNA is seen,
these minor bands also are longer than in wild type. Based on
this information, it appears that small amounts of 6S RNA
precursors having extra residues at either or both ends can
accumulate. The presence of products with 59 extra residues
indicates that removal of the 59 fragment from 6S RNA is
relatively slow.

As expected from the length heterogeneity, primer exten-
sion experiments detected several 59 ends on 6S RNA (Fig. 2).
Three extension products are seen in both the wild-type and
the multiple RNase-deficient samples that correspond to the
various mature 59 ends known to be present in 6S RNA (Fig.
2, lanes 10–12). The minor product, 9 nucleotides longer,
which represents the 59 end of the nascent transcript also is
seen. Inasmuch as no difference is observed between the two
RNA samples with regard to their 59 termini, any extra residues
detected in the mutant cell samples by Northern blot analysis
must represent changes at the 39 terminus.

Surprisingly, major primer extension products of the RNase
T2PH2D2BN2(II1) strain are reproducibly found at a posi-
tion 38–40 nucleotides downstream of the longest mature 59
end (Fig. 2, lane 12). Because these shorter 6S RNA products
were not detected by Northern blot analysis (data not shown),
they must be due to a change in RNA structure that blocks the
passage of reverse transcriptase. The nature of this structural

alteration and the RNase deficiency that leads to it are
currently under investigation.

Treatment of the 6S RNA immature products with purified
RNases results in their conversion to mature size (Fig. 3). As
with M1 RNA and 10Sa RNA, the 6S RNA products can be
processed in vitro by both RNase T and RNase PH. However,
in contrast to the other RNAs, RNase T treatment does not
remove extra residues from 6S RNA very efficiently. Immature
products remain even after 10 min of incubation, and are
completely converted to mature size only after 30 min (Fig. 3,
lanes 6, 7, and 12). On the other hand, RNase PH is more
efficient, converting all the RNA species to mature size during
10 min of incubation (Fig. 3, lane 10). This observation agrees
with the Northern analyses, which suggested that RNase PH is
more effective than RNase T for 6S RNA maturation.

Another interesting feature of 6S RNA is that the sequence
at its 39 end can be either CC, CA, or C (5). While the two C
residues are encoded by the ssrS gene for 6S RNA, the A
residue would have to be added posttranscriptionally. One
possible route for generating a CA end would be the addition
of an A residue to the shorter 39 end by tRNA nucleotidyl-
transferase. However, there was no indication that the RNA in
a cca2 cell differs from that of wild type (Fig. 1, lanes 12 and
13).

Maturation of 4.5S RNA. As shown in Fig. 1, 4.5S RNA (114
nucleotides) does not resolve to a single, sharp band by
Northern blot analysis. The blurred bands, with significant
trailing as well, were observed with RNA from every strain
examined including wild type (Fig. 1, lanes 1, 7, and 13). These
results suggest either that 4.5S RNA is heterogeneous in
length, that it is modified heterogeneously or that even under
the denaturing conditions of gel electrophoresis it exists in
multiple conformations. Despite this complication, the pattern
of 4.5S RNA was reproducible, and the length of the products
could still be estimated from a DNA sequencing ladder run
next to the RNA samples (data not shown).

In RNase T2 cells, a portion of the major 4.5S RNA
products is shifted to a size one or two nucleotides longer than
RNA from the wild type (Fig. 1, lane 3). The products are even
longer when both RNase T and PH are absent (Fig. 1, lane 4).
A more dramatic effect is observed with RNA from the RNase
PH2T2D2BN2(II1) mutant (Fig. 1, lane 10). In this case, the
majority of 4.5S RNA molecules are clearly longer than wild
type and contain as many as six additional residues. Although
it was not possible to get as detailed a picture for 4.5S RNA
as with the other RNAs examined, it appeared that RNase T
is relatively more important for maturation than the other
RNases, and that RNase II is the least effective. Nevertheless,
it is clear, even in this situation, that exoribonucleolytic
trimming is necessary for maturation of 4.5S RNA.

Moreover, as with the other RNAs examined here, primer
extension analysis of the 4.5S RNA products showed the same
59 ends for the wild type and the RNase T2PH2D2BN2(II1)
mutant (Fig. 2, lanes 8 and 9), indicating that any increased size
in 4.5S RNA in the mutant cells is due to extra residues at the
39 end. Interestingly, in addition to the extension product
corresponding to the mature 59 end of 4.5S RNA, we also
detected a major product one nucleotide shorter. This product
is not due to a heterogeneous primer (data not shown), and it
is present at the same level in each strain. It is not yet clear
whether this second product represents a subpopulation of
4.5S RNA with a shorter 59 end, or whether it is due to
premature termination by reverse transcriptase. An additional
minor product 24 nucleotides longer than the mature 59 end
also can be seen (Fig. 2, lanes 8 and 9). This product apparently
results from the presence of a small amount of the initial
transcript containing the uncleaved 59 fragment. It can also be
observed by Northern blotting when the film is overexposed
(data not shown). It should also be noted that because the
blurred Northern blot pattern is not seen by primer extension,
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factors other than a heterogeneous 59 terminus are probably
responsible for that effect.

The importance of exoribonucleases for maturation of the 39
end of 4.5S RNA was also shown by the action of these enzymes
in vitro (Fig. 3). Treatment with purified RNase T rapidly and
accurately converts the immature 4.5S RNA to mature size
(Fig. 3, lanes 5–7). RNase PH is relatively ineffective by
comparison. With this enzyme the longer products gradually
shorten during 10 min of incubation (Fig. 3, lanes 9 and 10),
but complete maturation of 4.5S RNA is achieved only with
additional RNase PH and longer treatments (Fig. 3, lane 12).

DISCUSSION

Although complete processing pathways for M1, 10Sa, 6S, and
4.5S RNAs remain to be elucidated, it is clear from the data
presented here that exoribonuclease action is a required step
for the final 39 maturation of each RNA. Taken together with
what is already known about the maturation of tRNAs and 5S
RNA (11–15), it appears that 39 exoribonucleolytic trimming
is a universal feature of small, stable RNA processing in E. coli.
It is also likely that a downstream endonucleolytic cleavage
precedes the 39 trimming events in all of the RNAs. This
cleavage might serve either to remove a downstream, func-
tional portion of the transcript or to eliminate a stem-loop
transcription termination signal. Based on primer extension
analysis, it was also observed that 59 maturation of each of the
RNAs can be completed despite a block to processing at the
39 end. From this information it is possible to propose a general
scheme for stable RNA maturation that includes 39 endonu-
cleolytic cleavage, complete 59 maturation and 39 exonucleo-
lytic trimming as the final maturation event.

For some of the RNAs examined here, elimination of
multiple exoribonucleases, leads to almost a complete absence
of the mature species. Inasmuch as M1 and 4.5S RNAs are
essential to cell survival (21, 22), these data imply that the
incompletely processed molecules may retain function (23). A
similar situation was reported earlier for 5S RNA. In that case
a precursor with two extra nucleotides at its 39 end could be
assembled into ribosomes and functioned essentially normally
(14). This, of course, raises the interesting question of why the
mature forms of several RNAs are shorter than is necessary to
generate a functional molecule (see below).

An unexpected feature of M1 RNA maturation was the
finding that molecules with as many as six extra 39 residues
accumulated when multiple exoribonucleases were absent
(Fig. 1). Yet, in vitro RNase E was shown to cleave the M1
RNA precursor one or two nucleotides downstream of the
mature 39 end (7, 8, 24). One possibility to explain this
discrepancy is that the in vitro and in vivo RNase E cleavage
sites differ. It is also possible that RNase E may actually cleave
the M1 RNA precursor in vitro further downstream than was
suggested, but exoribonucleases present in the relatively crude
RNase E preparation rapidly trimmed the product to the 11
or 12 form. Alternatively, in the absence of the exoribonucle-
ases needed to generate the mature 39 terminus, the RNase E
cleavage product may be lengthened by a synthetic activity,
such as poly(A) polymerase. Interestingly, in earlier work that
examined 5S RNA maturation, products longer than those
expected from the presumed RNase E cleavage site were also
found (14). Studies to clarify these surprising observations are
currently underway.

As was observed previously for the maturation of tRNAs
and 5S RNA (12–15), either RNase T or RNase PH appear to
be the most effective exoribonucleases for the 39 processing of
the RNAs studied here. In vivo and in vitro studies both showed
that RNase T was the most important exoribonuclease for the
39 maturation of M1, 10Sa and 4.5S RNAs, whereas RNase PH
was the more effective enzyme for 6S RNA. However, in the
absence of both RNase T and RNase PH, or even of as many

as four exoribonucleases, E. coli survives. Thus, while the
absence of RNase D, II, and BN generally does not lead to the
accumulation of immature RNAs, each of these latter enzymes
also can provide sufficient exoribonuclease activity to allow
cells to grow, albeit quite slowly in some instances (17).
Overall, the 39 maturation of M1, 10Sa, 4.5S, and 6S RNAs
closely resembles that of tRNA in that multiple exoribonucle-
ases can participate in the 39 trimming reactions. This contrasts
with 5S RNA processing in which RNase T is uniquely required
for the process (14). A possible explanation for this diverse
state of affairs is discussed below.

Analysis of the deduced secondary structures of the stable
RNAs revealed an interesting feature common to all of them;
i.e., the 59 and 39 ends pair with each other to form a stable,
double-stranded stem generally followed by four unpaired 39
nucleotides (Fig. 4). 5S RNA differs in having only one
unpaired 39 residue. The extra 39 residues in the immediate
RNA precursor extend the 39 unpaired region further, and it
is these residues that are removed by exoribonucleolytic trim-
ming in the final maturation step. Secondary structures are
known to impede exonucleolytic reactions (reviewed in ref.
25), and it is tempting to speculate that this structural arrange-
ment (stable stem followed by a single-stranded tail) may serve
as both a recognition signal for binding exoribonucleases and
as physical barrier to limit the extent of trimming. For most
exoribonucleases this barrier serves to stop the trimming
reaction when the single-stranded tail is four nucleotides long.
However, RNase T appears to differ from the other RNases in
that it can approach closer to the double-stranded stem. This
property would explain why RNase T is the only exoribonucle-
ase that can mature the 39 terminus of 5S RNA (14) and why
it is the only enzyme that participates in the end-turnover of
the -CCA sequence of tRNA. It is also consistent with the fact
that RNase T is generally the most active RNase for removing
the extra residues closest to the mature 39 termini of the other
stable RNAs. It does not act on long 39 trailer sequences or on

FIG. 4. The terminal structures of the small, stable RNAs of E. coli.
The sequence at the 39 and 59 ends of each RNA are shown together
with their base pairing potential (lines for GC, AU, and GU pairs).
Nucleotides present in the mature RNAs are shown in boldface type,
while those to be removed from the 39 ends during maturation are
shown in lightface type. For those RNAs in which a 39 endo cleavage
already has been suggested (5S RNA and M1 RNA), only those extra
residues that would remain after the cleavage are shown. For the other
RNAs, seven extra residues are presented.
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single-stranded substrates (13, 18, 26). RNase T is known to
have homology with DNases that trim mismatched residues
immediately 39 to a base-paired region (27), and apparently it
has retained similar catalytic properties for RNA substrates.

These considerations suggest that the 39 termini of stable
RNAs are determined both by their secondary structures and
the inherent properties of the RNases that carry out the
trimming reactions. For those RNAs, such as tRNAs, which
might be susceptible to additional, unwanted trimming of 39
residues, other protective mechanisms have evolved. Normally,
aminoacylation would protect the 39 end, but when a tRNA is
uncharged and this protective mechanism fails, a shortened
tRNA can be repaired by tRNA nucleotidyltransferase (16).
The mature 39 termini of other RNAs may be protected by
their inclusion within ribonucleoprotein particles because re-
pair reactions have not been observed.

The data presented here extend our knowledge of RNA
maturation to an additional group of RNA molecules. The
commonality of their 39 processing with that of tRNAs and 5S
RNA suggests that general strategies for RNA maturation may
have evolved that apply to all species of stable RNA.
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